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I. INTRODUCTION
The reliability of electronic systems is highly dependent on the
ability to dissipate the relatively large amounts of Joullan heating that
such systems can generate. If this heat is not removed efficiently over-
heating of critical components may occur. This of course could lead to
ultimate system failure. The development of microminaturized electronic
components, with their attendant extremely high volumetric heating rates,
has made the problem of heat removal an even more critical one. Recently
a great deal of interest has been shown in the investigation of the heat
transfer problems associated with the cooling of electronic equipment [1-6]*,
When designing a heat removal system for electronic components, the
packaging engineer is faced with many choices. These choices may range
from the simplest natural convection cooled heat sinks to a very elaborate
two phase heat exchanger system. In making his decision, the packaging en-
gineer must consider many factors: the operating characteristics of the
components themselves; the requirements of the electronic system designer
with respect to component layout; the operating environment of the system.
The packaging designer needs a technique which will allow him to predict
the thermal performance of electronic system components.
1.1 OBJECTIVE
The objective of this work is to formulate a design procedure to be
used in the prediction of the thermal performance of printed circuit board
mounted solid state devices (specifically 14 and 16 pin DIP's and TO-3 and
TO-66 transistor cases). The project consists of an analytical phase which
*
Numbers in brackets indicate references listed in the Bibliography.
constitutes the actual formulation of the design procedure in the form of
a digital computer program with appropriate documentation and an experimen-
tal phase which involves testing of actual P-C boards to verify the analy-
tical model
.
2. FORMULATION OF THE DESIGN PROCEDURE
The approach which has been adopted in the formulation of the design
procedure is to construct an approximate thermal network [7] for each ele-
ment on the printed circuit board. In this approach the element is con-
sidered to be a source of heat for which either the temperature or the rate
of heat generation is known. An assessment is then made of each one of the
possible paths by which this heat can be transferred to the ultimate sink.
The thermal resistance for each one of these heat flow paths is formulated
and these resistances are used to construct the thermal network for the
element. The thermal resistance for a given heat flow path is defined such
that:
where
Q is the heat transfer rate (W) for a given heat flow path,
AT is the temperature difference (°C)
and R is the thermal resistance (°C/W) for the heat flow path.
This thermal network is then solved to give either the unknown element tem-
perature or the unknown rate of heat generation.
The case styles of circuit elements being considered in this study
were of two classes: 14 or 16 pin DIP's and TO-3 or TO-66 transistor cases.
Schematic diagrams of these two types of elements as they are mounted on a
P.C. board are shown in Figs. 1 and 2. The corresponding thermal network
for each one is shown diagramatically in Fig. 3 and 4. The thermal networks
for the two types of element differ only in the resistances which represent
the heat flow paths from the element to the P.C. board. The DIP element is
mounted so that the only conduction path from the element to the board is
through the element leads (Fig. 1). The TO case is mounted with a mica
insulator between the element and the P.C. board so that conduction heat
transfer takes place from the base of the TO case through the mica to the
P.C. board (Fig. 2). The following sections will describe the formulation
of the individual resistances in the thermal network.
2.1 DIP ELEMENT RESISTANCES
As mentioned previously the thermal networks for the DIP and TO cases
differ only in the resistances from the element to the board. For the DIP
there are considered to be two primary heat flow paths and associated resis-
tances from the element to the board. These are the heat flow path through
the short element leads to the board and the heat flow path through the air
gap between the element and the board. The thermal resistances associated





2.1-1 FORMULATION OF R
L $ :
Heat transfer in the short leads from the element to the board
is assumed to occur by conduction only. This implies that the heat transfer
rate is given by:
dT











= heat transfer rate through the short lead (W)
k, = thermal conductivity of the lead (W/m/°C)
A = cross sectional area of the lead (m )
L. = length of the lead (m)
T. temperature of the element (°C)
TR .
= temperature of the board at point where the leads
B1
make contact (°C)
N. = number of leads
The subscript i means the equation is written for the i element. With
Eq. (2) for the heat transfer rate and the definition of R from Eq. (1),





2.1-2 FORMULATION OF RQAp :
Since the gap between the element and the board is usually
very small, it is assumed that to a good approximation there 1s no convec-
tive heat transfer but only conduction and radiation across the gap. With
this assumption, the heat transfer rate across the gap can be written as:






' < 4 >
where
QGAp
= heat transfer rate across the gap (watts)
kf
s thermal conductivity of air (watts/meter/°C)
A
G
- surface area of the bottom of the el ement/ (meters
)
a = Stefan-Boltzman constant
= 5.6697 xlO"8 W/m/°K4
e = average emissivity of the element and the board
In formulating the radiation term in Eq. (4) the bottom of the element
and the board are assumed to behave as two infinite parallel planes [7]
whose emissivities are the same. This radiation term can be further sim-
plified by linearizing. This can be done by expanding (T. - T
g
. ) in a
Taylor series and retaining only the linear portion. If this is done,
the heat transfer rate can be rewritten as:
<WTs| (Ti- TBi) + r^Vi 3 (Ti- T81) (5)



















are the conduction and radiation thermal resistances
across the gap. From the form of Eq. (6) it can be seen that these two




























is dependent on the ele-
ment temperature T.. This of course means that the network will be non-
linear and an iterative technique will be used for solution.
2.2 TO ELEMENT RESISTANCES
For the TO case heat conduction through the mica insulator constitute
the only resistance between the element and the board. Since the mica 1s
a soft material and the contact pressures are high it is reasonable to
neglect the contact resistance at the mica-element and mica-board inter-
faces. With this assumption, the heat transfer rate from the TO case to












The thermal resistance of the mica insulator then becomes:
where:
tM
= thickness of the mica (meters)
k
M
* thermal conductivity of the mica (W/M/°C)
A» = surface area of the mica (meters )
2.3 FORMULATION OF THE EXTERNAL CASE RESISTANCE
The surface area of the element case will transfer heat by convection
to the surrounding air which is at some specified temperature T . The
case can also transfer heat by radiation. The radiation is assumed to take
place to a very large black body sink at some specified radiation sink
temperature T
Roo
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" V + 4«EACATR-3 <T i ' W <12 >
Using the definition of thermal resistance from equation (1), the case re-
sistance can be written as:
R -
1
CASE T. - T
Roo (13)
Vca + 4-earV [T^nr-]
1 »
where:




= element surface area (m )
A
R
= radiation surface area (m )
e
F
surface emissivity of the element
Since the nature of the flow over the element is highly dependent on the
geometry of the element careful attention must be paid to the evaluation
of the heat transfer coefficient. The geometry of the DIP is of course
very different from the geometry of the TO case. This means that the evalu-
ation of the heat transfer coefficient over each case style will have to be
approached separately.
2.3-1 RESISTANCE OVER THE DIP CASE
The orientation of the DIP case with respect to the flow
direction is an Important factor in determining the heat transfer coeffi-
cient. For the purposes of this study the DIP case will be considered to
be oriented in either one of two ways: long axis of the DIP parallel to
the flow direction; or long axis of the DIP perpendicular to the flow di-
rection. For either orientation the flow on the top and sides parallel to
the flow is assumed to be laminar flat plate flow (Blaslus flow). The flow
on the sides perpendicular to the flow, the front and the back, is assumed
to be stagnation flow.
In the case of flat plate flow the standard correlation for













thermal conductivity of air (m°C)
L = length of the flat plate under consideration (meters)
P
R
= Prandtl number of air
Re. Reynolds number of the flow with respect to the length L
The Reynolds number is given by:
V fL
Re, * -2L- (15)
where
V the air velocity (m/sec)
p
v.- = kinematic viscosity of air (m /sec)
The flow velocity can be obtained by considering the geometry of the array






Qf = volume rate of flow of air between adjacent boards (m /sec)
yB
= vertical height of the P.C. board (m)
Z
B
= spacing between adjacent boards (m)
Combining all of these the heat transfer coefficient in Blasius flow can be
written as:





1 / 3 ^ [T77 (17 >
The value of the length L to be used will depend on which particular orien-
tation is being considered.
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W * width of the surface perpendicular to the flow (meters)
Re
w
* Reynolds number based on W
In a manner similar to the previous case of Blasius flow the heat transfer
coefficient for stagnation flow can be written as:
h
s
* * 57 7772 PR C7^] JTT (19)
The choice of lengths to be used to obtain the heat transfer coefficients
from equations (17) or (19) as well as the choice of areas to be used with
the respective heat transfer coefficients is dependent on the orientation
of the element. For the DIP parallel to the flow L * L~ 1n equation (17)
and W = W. In equation (19). Lr and VL are the length and width of the
DIP element respectively. In this case the area associated with Blasius
flow is assumed to consist of the top and bottom of the element, the long
sides of the element plus the surface area of the short leads which ex-
perience the flow. The inclusion of the area of the short leads 1s to com-
pensate for the fact these leads 1n reality behave as fins and transfer
heat from their surface to the environment. In formulating the resistance
for these leads, the fin effect was neglected and only conduction along
the length of the lead was considered. The Inclusion of the lead surface
area 1n the evaluation of the DIP case resistance compensates for neglecting
the fin effect. The surface area for stagnation flow is assumed to consist
12
of the short sides which are perpendicular to the flow. With this in
mind, the convective conductance hA can be written as:


















h R = Blasius heat transfer coefficient with L = LB
Le
e




t = thickness of the DIP case (m)
For the DIP perpendicular to the flow similar reasoning leads
to the following expression for the convective conductance:
hA = \e CLeWe + 2 VeJ +
(21)
Vs. . ^e + 2 NLLLWJle
where
hD = Blasius heat transfer coefficient with L = W^B
We
e
h<. = stagnation flow heat transfer coefficient with
\e
The area to be used in the radiation term is considered to be
the surface of the element and short leads which can be "seen" by the
radiation sink. This is given as:
13
These expressions for heat transfer coefficient and area can
now be used in equation (13) to obtain the appropriate form for RCAer
corresponding to the element orientation under consideration.
2.3-2 RESISTANCE OVER THE TO CASE
Because of the generally circular shape of the TO case, the
flow pattern and hence the heat transfer coefficient is assumed to be
independent of orientation. For the TO case the flow over the top is
assumed to be Blasius flat plate flow while the flow around the sides is
assumed to correspond to flow over a cylinder. For the flow over the top







D = diameter of the cylindrical TO case
For the heat transfer coefficient over the cylindrical surface a modified
Hi 1 pert correlation as given on page 260 of McAdams [9] can be used:
h
cyL




= Reynolds number based on the diameter D
Using the definition of the Reynolds number and the expression for the
velocity from equation (16) the cylindrical heat transfer coefficient can
be written as:
k Q 1/2V 4 r°- 32 + ^tt? <or> °1/2] (25)Vf D D
14








H = height of the cylindrical TO case (meters)
The area to be used in the radiation term is simply:
A
R
= \ D2 + ttDH (27)
These expressions can now be used in equation (13) to obtain RCASr for
the TO case.
The choice of the proper expressions for the heat transfer
coefficient as well as the choice of the appropriate areas to use is
based on a great deal of intuition gained through previous experience [1].
These terms can be changed or adjusted as more experience with the model
is gained.
2.4 FORMULATION OF BOARD RESISTANCE
The portion of the printed circuit board which lies directly under
the element is assumed to be at a uniform temperature T
g
. . The back of
this portion of the board (the side facing away from the element, see
Fig. 5) exchanges heat directly with the environment by convection and
radiation. By linearizing the radiation the heat transfer rate from
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= area of the back of the board directly under
the element (m )
T
R
= temperature of the back of the board directly
i
under element i (°C)
e
B
= emissivity of the board





















If the back of the board is assumed to be a flat plate the heat transfer
coefficient h
B
„ can be found by using equation (17) with L = Xg, where
X
B
is the length of the board in the flow direction given in meters.
2.5 FORMULATION OF BOARD FIN RESISTANCE
The major portion of the board can be considered to behave as a cir-
cumferential fin with base temperature Tg. . The fin loses heat from its
surface by convection and radiation to the environment. For the purpose
of calculating a heat transfer rate equivalent inner and outer radius must
be established. The inner radius (see Fig. 5) is defined as the radius of





where L, is the inner radius. The outer radius is defined as the radius
of a circle with area equal to the fraction of the total board area occu-
pied by a single element. This average area is given by





where N is the total number of elements on the board. From this the outer
e




For a circumferential fin with convection and linearized radiation from
the surface standard fin analysis gives the following governing differen-
tial equation for the temperature distribution:
d t v d8» ( B , B R°° \ _ B Ro /T T x
7 37 (x 3F " (H~ + —kt } 9 kt *VtrJ
where
e = T - T
oo
t = thickness of the fin







The solution to equation (33) can be found in Arpaci [10] page 153. Using
the boundary conditions (34) to obtain the constants of integration,
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and I and K are modified Bessel functions. From equation (35) the thermal













2 ktL B D + _|_ (Tf-^,]
m °°
where the function f is given by:
IpOn^) K-, (mL
2
) + KpdnLj) IjQwLg) (40)f =
' I^mL^ K^mLg) + K^mL^ I^mL^
2.6 RESISTANCES IN THE LEADS BETWEEN ELEMENTS
The leads which connect one element with another can act as conduction
heat transfer paths. Through these interconnecting leads it is possible
for the temperature of one element to influence the temperature of several
others. Some of the leads from a particular element may be so long that
they behave as infinite fins and do not represent an interaction path.
Both cases can be treated by the same method of analysis.
2.6-1 FORMULATION OF Ru ,
The lead can be considered to be a fin of constant cross
section with temperature T. (corresponding to element i) at one end and
temperature T. (corresponding to element j) at the other end. The tempera-
ture distribution in such a fin with convection and linearized radiation on
the surface is given by the following differential equation and boundary
conditions:
18
X h(2t, + W) 4oeTrr{2t. + W)
14 - —
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X = L T = T.
where
t, = lead thickness
W = lead width
The solution to this equation can be found in Arpaci [10]. From this
solution the heat transfer at x = can be evaluated:
Q - ktL
*. [^ V 6R ) COth ™LU - !llj- (42)
where



















- 4 (T. - TR )
m °°
From the heat transfer rate the thermal resistance can be obtained:
\ . = wm (44)
ij kt,Wm [(e. + e





K !J sinh mL. . J
(43)
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The length L . . can be taken as the rectangular distance from element i to










, x., y. and y. give the location of elements i and j on the P.C.
board.
2.6-2 FORMULATION OF R
L
no
If the lead is long enough the effect of the temperature T.
will disappear and the lead will behave as if it were an infinitely long
fin. The same behavior can be attributed to any of the element leads which
connect to the pins on the bottom of the P.C. board. The thermal resis-
tance R, , for such leads can be obtained from equation (44) for R. .. by




Wm ( fli + e R )
(46)
2.7 SOLUTION OF THE THERMAL NETWORKS
The thermal network equations for each element type can be easily
derived by writing simple energy balances at the two nodes i and Bi.
Since the networks for the DIP and TO cases are slightly different the
network equations will be different for the two element types.
2.7-1 NETWORK EQUATIONS FOR THE DIP ELEMENT






























where QjQT is the total heat transfer rate from the element under considera-
tion. This is the rate of energy generation in the element by Joulian
heating. It is this quantity which must be dissipated to prevent over-
heating. At node B. the energy balance gives:
"GAP
+ \,S = «BB + %? + \ij + "L. (49 »
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The summation on the right hand side of equation (51) is made over all
other elements j which have leads connecting them to element i. Equations
(48) and (51) are two simultaneous algebraic equations for either T. and
T
Bi
given QTQT or for QT0T and T g1 given T^
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2.7-2 NETWORK EQUATIONS FOR THE TO CASE
The energy balance for the TO case, node i, yields:
QTOT " ^CASE
+W + \ij + <?U (52)
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Equations (53) and (55) are the network equations for the TO case. They
can be used to obtain either T. and T
g
. given QTQT or QTQT and T„. given
V
2.8 SOLUTION PROCEDURE
It should be pointed out that some of the thermal resistances which
make up the coefficients in the equation sets (48) and (51) or (53) and (55)
depend on the temperatures T. and T
g
. . This of course means that the equa-
tions are nonlinear and must be solved by an iterative procedure. The
procedure is carried out by first guessing an initial set of the unknown
temperatures. These are used to calculate the thermal resistances which
are then used to solve the network equations for a new set of unknown tem-
peratures. These are compared to the previous set of temperatures. If
the temperatures from two successive iterations differ from each other by
only some small amount the procedure is assumed to have converged. If
22
successive iterations do not agree, the procedure is continued until con-
vergence is achieved. The procedure has been coded in Fortran IV for
implementation on a digital computer. A copy of the computer program is
contained in Appendix A.
23
3. EXPERIMENTAL APPROACH
A series of experiments have been carried out for the purpose of veri-
fying the analytical procedure. The experimental apparatus is the same as
that used by Marto and Kelleher [1]. Figure 7 is a photograph of the com-
plete experimental set-up. A minor modification was made to the test sec-
tion which consisted of removing the cylindrical spacers between card guides.
These spacers had been installed so that the test section would simulate
the air transport rack. For these test this simulation was not desired
and removing the spacers provided a more uniform air flow through the test
section.
The experiments were conducted with a fiberglass epoxy P. C. board.
The board had 25 thick film resistors which were 14 pin DIPs. The resistors
were mounted in five rows of five elements each with the long axis of the
elements aligned with the flow direction. Each element on the board is
instrumented with two thermocouples, one on the top and one on the bottom
of the element. Each pair of thermocouple is connected in parallel so that
the output gives the average of the top and bottom temperatures for each
element. Figure 8 shows photographs of the front and back of the P. C.
board. As can be seen in this figure, all thermocouple leads were passed
through small holes drilled near each element and run down the back of the
board. This was done so as to disturb the flow over the elements them-
selves as little as possible.
Tests were conducted using the nozzle inlet described in [1]. Three
different air flow rates and four different power settings to the board
were used. Air inlet and exit temperatures were measured as well as the
average temperatures of each element on the board. The test board was
24
placed in the middle of the three card guides in the test section. Dummy
boards were placed in the card guides on either side of the test board.
The dummy boards were instrumented with thermocouples and their average
temperature was measured during each run.
25
4. RESULTS AND CONCLUSIONS
The computer program which implements the analytical procedure pre-
sented in Chapter 2 has been run for several cases corresponding to the
experimental runs. A P. C. board having 25 elements, all 14 pin DIPs,
was assumed. The elements were in five rows of five elements with each
element aligned with the flow direction. A value for the total power dissi-
pated by the elements on the board was assumed and the program was run for
a series of flow rates. This gave the element temperatures corresponding
to each flow rate. This procedure was done for the four power settings
corresponding to those of the experiment. The net result is shown in
Figs. 7 and 8 where the curves represent the output of the computer program
and the circles are the corresponding experimental points. Figure 7 shows
the average element temperature as a function of flow rate for 4, 9, 15
and 22 watts per board. At the lower power levels the agreement with the
experimental results is excellent. At higher power levels the analytical
procedure predicts a higher average temperature than is observed experi-
mentally. From a designers point of view this leads to a conservative de-
sign which is desirable.
Figure 8 shows the maximum element temperature as a function of flow
rate for the four power settings. The agreement with the experiment is
still good although the analytical procedure has a tendency to predict
lower maximum temperatures than are experimentally observed.
The discrepancy in the maximum temperature is believed to occur from
the fact that the radiation sink temperature was assumed to be the same as
the ambient air temperature. This was done because it was assumed that
a designer would have no other information for this case a pvioKl. The
26
result of the lower radiation sink temperature is to allow a greater amount
of radiation heat transfer especially at the higher power settings (higher
temperatures). This of course would lead to a lower average element
temperature.
4.1 RECOMMENDATIONS FOR FUTURE WORK
The analytical procedure presented in this report should be viewed
as a first attempt to model an extremely complex heat transfer problem.
All three modes of heat transfer are present, the geometry and hence the
flow patterns are extremely complex. Simple models have been used to ana-
lyze the heat transfer processes and many simplifying assumptions have been
made to make the problem tractable. The result is an approximate procedure
which seems to work. It should be remembered that the procedure has been
verified in only one very simple situation. It is strongly recommended
that a thorough experimental program be carried out to assure the validity
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This appendix contains a listing of the FORTRAN IV digital computer
program used to solve the thermal networks developed in this report. The
input to the program is explained in the comment statements which precede
the body of the program. Within the program the various lengths which
are necessary have been taken from actual samples of the different element
types and coded as numerical constants. All physical quantities are in SI
units.
Following the main program is a subprogram used to calculate the func-
tion "f" defined in equation 40. Following is a series of subprograms to
calculate the Bessel functions in "f". The Bessel functions are evaluated
by using the series approximations found in Abromowitz and Stegun* page 378.
Also included is a listing of a typical set of input cards for one of
the experimental runs.
Abromowitz, M. , and Stegun, I. A., "Handbook of Mathematical Functions,"
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